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ACA

:   anterior cerebral artery

BAPN

:   3‐aminopropionitrile

geoMFI

:   geometric mean fluorescence intensity

HCtAEC

:   human carotid artery endothelial cells

IA

:   intracranial aneurysm

MC

:   methylcellulose

OA

:   olfactory artery

SMA

:   α‐smooth muscle actin

S1P

:   sphigosine‐1‐phosphate

WSS

:   wall shear stress

Introduction {#bph13820-sec-0005}
============

[Sphigosine‐1‐phosphate (S1P)](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=911) is a bioactive lipid exerting its action through five GPCR subtypes, [S1P~1~](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=275), [S1P~2~](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=276&familyId=135&familyType=GPCR), [S1P~3~](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=277&familyId=135&familyType=GPCR), [S1P~4~](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=278&familyId=135&familyType=GPCR) and [S1P~5~](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=279&familyId=135&familyType=GPCR) (Blaho and Hla, [2014](#bph13820-bib-0009){ref-type="ref"}). The most well‐known physiological function of S1P receptors is that of the S1P~1~ receptor in lymphocyte trafficking. In this process, S1P~1~ receptors on T lymphocytes respond to the S1P gradient between secondary lymphoid organs and blood, and promote the release of lymphocytes from the lymphoid organs to the blood stream. An S1P~1~ agonist administered at active doses causes the internalization of S1P~1~ receptors on lymphocytes, resulting in impaired lymphocyte release and a decrease in peripheral lymphocytes count, and thereby functions as an immunosuppressant (Brinkmann *et al.,* [2004](#bph13820-bib-0013){ref-type="ref"}; Matloubian *et al.,* [2004](#bph13820-bib-0036){ref-type="ref"}). A notable example is [fingolimod](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2407) (FTY720), which is clinically used for multiple sclerosis (Brinkmann, [2009](#bph13820-bib-0011){ref-type="ref"}; Brinkmann *et al.,* [2010](#bph13820-bib-0012){ref-type="ref"}). The role of S1P‐S1P~1~ receptor signalling in the vascular system is physiologically important, as well as in the immune system; this includes the promotion and maintenance of endothelial barrier function (Schuchardt *et al.,* [2011](#bph13820-bib-0043){ref-type="ref"}). Stimulation of S1P~1~ receptors on endothelial cells activates Rac, leading to the formation of the cortical actin ring by translocating cortactin to the cell periphery (Marsolais and Rosen, [2009](#bph13820-bib-0035){ref-type="ref"}; Xiong and Hla, [2014](#bph13820-bib-0054){ref-type="ref"}). This cytoskeletal rearrangement facilitates the assembly of tight and adherens junction components to strengthen endothelial barrier function (Lee *et al.,* [1999](#bph13820-bib-0032){ref-type="ref"}; Lee *et al.,* [2006](#bph13820-bib-0031){ref-type="ref"}). Importantly, disruption of the endothelial barrier function underlies the pathogenesis of not only various vascular diseases but also neurodegenerative diseases and cancer (Rodrigues and Granger, [2015](#bph13820-bib-0042){ref-type="ref"}). Thus, the S1P~1~ receptor on endothelial cells could be a therapeutic target of these diseases.

Intracranial aneurysm (IA) is the balloon‐like bulging at bifurcation sites of the intracranial artery histopathologically characterized by degenerative changes and inflammatory infiltrates in arterial walls. IA is fairly common in the general public with a prevalence of 3 to 5% and it is a major cause of subarachnoid haemorrhage (Wardlaw and White, [2000](#bph13820-bib-0052){ref-type="ref"}; Wiebers *et al.,* [2002](#bph13820-bib-0053){ref-type="ref"}; van Gijn *et al.,* [2007](#bph13820-bib-0050){ref-type="ref"}), which ends in a poor prognosis. About a half of the affected individuals die and survivors suffer from a lifetime disability (van Gijn *et al.,* [2007](#bph13820-bib-0050){ref-type="ref"}). Therefore, it is socially important to prevent the IA from rupturing. Nonetheless, there is no medical treatment for IA, and IA patients can only be treated with surgical manipulations such as microsurgical clipping and endovascular coiling. Since surgical manipulations have an intrinsic risk of complications, IAs prone‐to rupture, such as large ones or those with an irregular shape, are selected for surgery (van Gijn *et al.,* [2007](#bph13820-bib-0050){ref-type="ref"}; Greving *et al.,* [2014](#bph13820-bib-0025){ref-type="ref"}; Etminan *et al.,* [2015](#bph13820-bib-0019){ref-type="ref"}), leaving many IA cases without treatment. Given the high prevalence of IAs in the general public and poor prognosis of subarachnoid haemorrhage, there is an urgent need to develop a drug therapy for IA.

IA can be produced experimentally in animals and this experimentally‐induced IA lesion shares many features in common with human IA, such as the degeneration of the media and macrophage infiltration. Evidence has accumulated from these animal experiments to suggest that IA is a disease caused by chronic inflammation of intracranial arteries in which infiltrated macrophages play a crucial role (Aoki and Nishimura, [2010](#bph13820-bib-0006){ref-type="ref"}; Aoki and Narumiya, [2012](#bph13820-bib-0005){ref-type="ref"}; Fukuda and Aoki, [2015](#bph13820-bib-0022){ref-type="ref"}). Indeed, some experimental conditions that prevent macrophage recruitment and accumulation in the IA wall, such as pharmacological depletion of macrophages by clodronate liposome and genetic deletion of [CCL2 (MCP‐1)](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=771), a major chemoattractant for recruiting macrophages to affected sites, remarkably and significantly suppressed the incidence and size of IAs in a model of IA (Aoki *et al.,* [2009](#bph13820-bib-0003){ref-type="ref"}; Kanematsu *et al.,* [2011](#bph13820-bib-0029){ref-type="ref"}). Hence, inhibition of macrophage recruitment in lesions or sites prone to IA formation could be a therapeutic approach for treating IAs or preventing their *de novo* formation. Because of the lack of vasa vasorum in the adventitia of intracranial arteries, macrophages present in IA walls are presumably derived from monocytes in the blood stream, which adhere to endothelial cells activated at the site of prospective IA lesion and infiltrate into arterial walls across the endothelium. IA occurs at the bifurcation sites of the intracranial artery, where computational fluid dynamic analyses in both human IAs and those in animal models have revealed the presence of a high wall shear stress (WSS) (Dolan *et al.,* [2013](#bph13820-bib-0018){ref-type="ref"}; Turjman *et al.,* [2014](#bph13820-bib-0049){ref-type="ref"}). As endothelial cells in culture respond to WSS and change their gene expression profiles, including the induction of [COX‐2](http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1376) *in vitro* (Ohura *et al.,* [2003](#bph13820-bib-0040){ref-type="ref"}; Aoki *et al.,* [2011](#bph13820-bib-0008){ref-type="ref"}), high WSS is likely to activate endothelial cells at bifurcation sites, which then trigger inflammation in arterial walls thereby promoting IA pathology (Turjman *et al.,* [2014](#bph13820-bib-0049){ref-type="ref"}; Fukuda and Aoki, [2015](#bph13820-bib-0022){ref-type="ref"}). In support of this notion, in a rodent IA model, activation of endothelial cells (as indicated by NF‐κB activation, MCP‐1, [VCAM‐1](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6758) and COX‐2 induction) was demonstrated to occur at sites of IA formation (Aoki *et al.,* [2007](#bph13820-bib-0004){ref-type="ref"}; 2011 Aoki and Nishimura, [2010](#bph13820-bib-0006){ref-type="ref"}). In addition, a defect in the lining of endothelial cells was observed in human IAs (Frosen *et al.,* [2004](#bph13820-bib-0020){ref-type="ref"}), suggesting the presence of endothelial damage at sites of IA formation and rupture through aberrant flow conditions. Consistently, endothelial cell damage was observed in the very early stage of IA induction in rats and the expressions of genes for tight junction‐components such as occludin and ZO‐1 were reduced at these sites (Tada *et al.,* [2010](#bph13820-bib-0048){ref-type="ref"}), which presumably facilitates the trans‐endothelial infiltration of macrophages. Based on these findings, compounds that strengthen barrier function including the tight junction between endothelial cells or close the already loose barrier could be drug candidates for IA treatment. Here, we have examined the potential of S1P~1~ agonists as endothelium‐modulating drugs for IA treatment.

Methods {#bph13820-sec-0006}
=======

Study approval {#bph13820-sec-0007}
--------------

The use of human IA specimens and control arterial walls in the present study was approved by the ethics committee at Kyoto University Graduate School and Faculty of Medicine (\#E2540 and \#R0601), ethical committee of Japanese Red Cross Asahikawa Hospital (\#201441‐2) and Astellas Research Ethics Committee (\#150011‐2). Patients with unruptured IAs were informed of the purpose, benefit and demerit of the study and written informed consent was then obtained from every participant on a voluntary basis before harvesting specimens.

All of the following experiments including animal care and use complied with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Animal Research Committee of Kyoto University Graduate School of Medicine (MedKyo12037, 13558, 14073, 15057 and 16537).

Experiments on non‐human primates was approved by The Animal Care and Use Committee at Shiga University of Medical Science (2013‐10‐2HHHH) and Institutional Animal Care and Use Committee of Astellas Pharma (D‐T14090‐01, D‐T15382‐01). All of the animal studies were conducted with a careful consideration of the 3Rs (replacement, reduction and refinement). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny *et al*., [2010](#bph13820-bib-0030){ref-type="ref"}; McGrath & Lilley, [2015](#bph13820-bib-0037){ref-type="ref"}).

Cell culture {#bph13820-sec-0008}
------------

Primary cultures of human carotid artery endothelial cells (HCtAEC) were used as an alternative to ones from intracranial arteries, which were not available. HCtAEC (Lot no. 2366) was purchased from Cell Applications (San Diego, CA) and was cultured in MesoEndo Cell Growth Medium (Cell Applications). THP‐1, a cell line derived from acute monocytic leukaemia patient, was used as an alternative to peripheral monocytes. THP‐1 cells were from ATCC (Manassas, VA) and cultured in RPMI 1640 medium (Nacalai Tesque, Kyoto, Japan) supplemented with 10% FBS (GE Healthcare Life Sciences, Marlborough, MA), 50 μg·mL^−1^ streptomycin and 50 U·mL^−1^ penicillin (Thermo Fisher Scientific, Carlsbad, CA). CHO‐K1 cells overexpressing human S1P~1~ receptors (hS1P~1~) previously established by Yamamoto *et al.* ([2014](#bph13820-bib-0055){ref-type="ref"}) were cultured in Ham\'s F12 medium supplemented with 10% FBS (GE Healthcare), 50 μg·mL^−1^ streptomycin and 50 U·mL^−1^ penicillin (Thermo Fisher Scientific) and 1 mg·mL^−1^ G418 sulfate (Nacalai Tesque). All cells were maintained at 37°C in 5% CO~2~.

PCR {#bph13820-sec-0009}
---

Total RNA was prepared from HCtAECs using an RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany), and transcribed to cDNA using a High‐Capacity cDNA Reverse Transcription Kit (Life Technologies Corporation, CA). Conventional RT‐PCR was then carried out using a KOD FX (Toyobo, Osaka, Japan) and amplified products were separated by agarose‐gel electrophoresis. Primer sets used are forward; 5′‐agaagtgcacacactcacttgg‐3′ and reverse 5′‐agctcctaaagggttcatttgg‐3′ for S1P~1~ receptor, forward 5′‐gaggtctgagaatgaggaatgg‐3′ and reverse 5′‐cactgtcctgaggagctagagg‐3′ for S1P~2~ receptor, forward 5′‐agaagatcccattctgaagtgc‐3′ and reverse 5′‐cccaagcagaagtaaatcaagc‐3′ for S1P~3~ receptor, forward 5′‐atcatcagcaccgtcttcagc‐3′ and reverse 5′‐ctctactccaagcgctacatcc‐3′ for S1P~4~ receptor, forward 5′‐gagctataattgtgcccattgc‐3′ and reverse 5′‐atttgactctgggagactcagc‐3′ for S1P~5~ receptor.

cAMP assay {#bph13820-sec-0010}
----------

HCtAECs were seeded at 2 × 10^4^ cells per well in 96 well plates and incubated overnight. ASP4058 was dissolved in DMSO (Nacalai Tesque) and then diluted to a working concentration with stimulation buffer composed of 5 mM HEPES (pH 7.5), 0.1% fatty acid‐free BSA (Sigama‐Aldrich, St. Louis, MO), and 0.5 mM IBMX in HBSS (pH 7.2). HCtAECs were treated with 1 μM [forskolin](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5190) (Sigma‐Aldrich) in the presence of ASP4058 for 20 min at 37°C and then lysed with lysis buffer (50 mM HEPES, 10 mM CaCl~2~, 0.35% Triton X‐100). [cAMP](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2352) concentration in cell lysates was examined using a LANCE cAMP 384 kit (PerkinElmer Life and Analytical Sciences, Shelton, CT) according to the manufacturer\'s instructions. Each experiment was performed in duplicate to ensure the reliability of single values.

S1P~1~ receptor internalization assay {#bph13820-sec-0011}
-------------------------------------

HCtAECs were seeded at 10^5^ cells per well in a 96 well plate and incubated overnight. ASP4058 dissolved in DMSO was diluted with endothelial cell serum‐free defined medium (Cell Applications). Cells were treated with the indicated concentration of ASP4058 (as shown in the Figures, Legends or the [Results](#bph13820-sec-0026){ref-type="sec"}) for 1 h at 37°C. After being washed with ice cold PBS, cells were harvested using an Accutase (Nacalai Tesque). After being washed with FACS buffer (PBS supplemented with 0.5% fatty acid free BSA and 0.1% sodium azide), cells were stained with mouse anti‐S1P~1~ antibody (\#MAB2016, R&D systems, Minneapolis, MN) for 30 min on ice followed by the incubation with anti‐mouse IgG conjugated with PE (\#405307, Biolegend, San Diego, CA). Purified mouse IgG~2b~ (\#400302, Biolegend) was used as an isotype control. Cells were then analysed using an LSRFortessa (BD biosciences, San Jose, CA) and a FlowJo software (FlowJo, Ashland, OR). Dead cells were stained with either 7‐aminoactinomycin D (Sigma‐Aldrich) or a SYTOX Blue dead cell stain (Thermo Fisher Scientific) and gated out. The expression level of surface S1P~1~ receptors was determined as geometric mean fluorescence intensity (geoMFI) of PE‐positive cells after subtracting that of isotype control (δ geoMFI). δ geoMFI of ASP4058‐treated cells was normalized to that of vehicle‐treated control to control for the inter‐experimental technical variability and expressed as a percentage of control.

Permeability assay {#bph13820-sec-0012}
------------------

HCtAECs were seeded at 10^5^ cells per well in a Transwell insert coated with collagen (diameter: 6.5 mm, pore size: 0.4 μm) (\#3495, Corning, Tewksbury, MA) and cultured overnight in MesoEndo Growth Medium (Cell Applications). The medium was replaced with endothelial cell serum‐free defined medium (Cell Applications), and the cells were further cultured overnight. ASP4058 dissolved in DMSO was diluted with serum‐free medium. Vehicle (0.1% DMSO) or ASP4058 was then added to both the upper and the lower compartments of a Transwell. After 1 h, 250 μg·mL^−1^ of FITC‐dextran (2000 kDa; Sigma‐Aldrich) was added to the upper compartment, and the amount of FITC‐dextran diffused into the lower compartment for 1 h was determined by measuring the fluorescence intensity of the medium in the lower compartment using a FlexStation 3 microplate reader (Molecular Devices, Sunnyvale, CA) at excitation wavelength of 490 nm and emission wavelength of 520 nm. In some experiments, cells were pretreated with various concentration of an S1P~1~ antagonist, TASP0277308 for 1 h, or a Rac inhibitor, EHop‐016 (Sigam‐Aldrich) for 30 min, followed by addition of ASP4058 (100 nM). Each experiment was performed in duplicate to ensure the reliability of single values at 37°C.

Trans‐endothelial migration assay {#bph13820-sec-0013}
---------------------------------

HCtAECs were seeded at 10^5^ cells per well in a Transwell insert (diameter: 6.5 mm, pore size: 5.0 μm) (\#3421, Corning) and cultured overnight in MesoEndo Growth Medium (Cell Applications). ASP4058 dissolved in DMSO was diluted with endothelial cell serum‐free defined medium (Cell Applications). Vehicle (0.1% DMSO) or ASP4058 was then added to both the upper and the lower compartments. Simultaneously, THP‐1 cells, used as an alternative to peripheral monocytes, (5 × 10^5^ cells per well) and MCP‐1 (100 ng·mL^−1^) were added to the upper and the lower compartment respectively. After 3 h incubation at 37°C, the number of migrated cells was determined using a Cell Titer Glo Luminescent cell viability assay (Promega, Madison, WI) according to the manufacturer\'s instructions. In some experiments, various concentrations of TASP0277308 were added simultaneously with ASP4058 (100 nM). Each experiment was performed in duplicate to ensure the reliability of single values.

Chemotaxis assay {#bph13820-sec-0014}
----------------

The chemotaxis of THP‐1 cells was measured using Transwell inserts (diameter: 6.5 mm, pore size: 5.0 μm) (\#3421, Corning). ASP4058 dissolved in DMSO was diluted with RPMI 1640 medium (Nacalai Tesque) supplemented with 0.1% fatty acid free BSA (Sigama‐Aldrich). Vehicle (0.1% DMSO) or ASP4058 was then added to both the upper and the lower compartments. Simultaneously, THP‐1 cells (5 × 10^5^ cells per well) and MCP‐1 (10 ng·mL^−1^) were added to the upper and the lower compartment respectively. After 3 h incubation at 37°C, the number of migrated cells was determined using a Cell Titer Glo Luminescent cell viability assay (Promega). Each experiment was performed in duplicate to ensure the reliability of single values.

Rodent IA models and histological analysis of induced IAs {#bph13820-sec-0015}
---------------------------------------------------------

Sprague--Dawley rats were purchased from Japan SLC (Shizuoka, Japan) and were housed in sterile cages (maximum three rats per cage) in an individually ventilated rack system under specific‐pathogen free conditions and maintained with standard housing and husbandry conditions under a 14 h light and 10 h dark cycle and had a free access to food and water. To induce IA, male rats, 7‐weeks‐old, were subjected to ligation of left carotid artery and left renal artery under general anaesthesia, induced by i.p. injection of pentobarbital sodium (50 mg·kg^−1^), to increase haemodynamic stress at bifurcation sites contralateral to the carotid ligation. IAs induced in this model share several histological and functional characteristics with human IAs (Aoki, [2015](#bph13820-bib-0002){ref-type="ref"}), and this has been used for decades as one of the major animal models of IA to examine mechanisms underlying its pathogenesis (Hashimoto *et al.,* [1978](#bph13820-bib-0026){ref-type="ref"}; Aoki and Nishimura, [2011](#bph13820-bib-0007){ref-type="ref"}). After full recovery from anaesthesia, animals were randomly divided into groups by an independent investigator and fed a high‐salt diet containing 8% sodium chloride beginning immediately after surgical manipulation to induce systemic hypertension by salt‐overloading. In some experiments, as indicated in the Figure legends, 0.12% 3‐aminopropionitrile (BAPN) (Tokyo Chemical Industry, Tokyo, Japan), an inhibitor of lysyl oxidase, which catalyses the cross‐linking of collagen and elastin, was added in the chow to weaken the extracellular matrix and facilitate IA formation. IA induction at the bifurcation site of the right anterior cerebral artery (ACA)‐olfactory artery (OA), a contralateral side of carotid ligation, was assessed at different times. Systemic blood pressure was measured by the tail‐cuff method (BP‐98A, Softron, Tokyo, Japan) without any anaesthesia and its value was calculated as a mean of at least three measurements. For histological analyses, animals were deeply anaesthetised by an i.p. injection of a lethal dose of pentobarbital sodium and transcardially perfused with 4% paraformaldehyde. The right ACA‐OA bifurcation including the IA lesion was dissected out and serial frozen sections at 5 μm thickness were prepared. IA formation at this bifurcation was examined after Elastica van Gieson staining. IA was defined as a lesion with a disrupted internal elastic lamina, and its size was calculated as an average value of transverse diameter between the edge of disrupted elastic lamina and maximum perpendicular length (height). The thickness of the medial smooth muscle cell layer was measured at the thinnest portion of IA walls immunostained by the smooth muscle cell marker, α‐smooth muscle actin (SMA). Histological analyses were performed by independent investigators who were blinded to group assignment. Moribund animals were killed by CO~2~ inhalation according to humane endpoints. A total of 232 animals were surgically manipulated, but of these 15 animals (6.5%) were excluded because they died during the experimental period. We did not exclude any animals from the analyses except for ones that died.

Administration of ASP4058 or other compounds to the rat model of IAs {#bph13820-sec-0016}
--------------------------------------------------------------------

Rats subjected to the aneurysm induction were randomized and administered ASP4058 or other compounds suspended in the vehicle p.o. The vehicle for all compounds except for TASP0277308 was 0.5% methylcellulose solution (MC), and for TASP0277308, the vehicle was 5% arabic gum solution. The dose and administration period of each compound are indicated in the Figure legends or the [Results](#bph13820-sec-0026){ref-type="sec"} section.

Immunohistochemistry {#bph13820-sec-0017}
--------------------

IA specimen was harvested as described above and slices of 5 μm thickness were prepared. After being blocked with 3% donkey or goat serum (Jackson ImmunoResearch, Baltimore, MD), the slices were incubated with primary antibodies followed by incubation with secondary antibodies conjugated with fluorescent dye (Invitrogen, Waltham, MA). In some experiments, DyLight488‐conjugated Lycopersicon esculentum Lectin (Vector Laboratories, Burlingame, CA) was used instead of an antibody to visualize endothelial cells. Finally, immunofluorescence images were acquired on a confocal fluorescence microscope system (LSM‐710, Carl Zeiss Microscopy GmBH, Gottingen, Germany).

Primary antibodies used were; mouse monoclonal anti‐smooth muscle α actin antibody (\#MS113, Thermo Fisher Scientific, Waltham, MA), rat monoclonal anti‐F4/80 antibody (\#ab16911, Abcam, Cambridge, UK), goat polyclonal anti‐MCP‐1 antibody (\#sc‐1785, Santa Cruz Biotechnology, Dallas, TX), rabbit polyclonal anti‐S1P1 antibody (\#sc‐25489, Santa Cruz Biotechnology).

Transmission electron microscopy {#bph13820-sec-0018}
--------------------------------

At 5 days after the aneurysm induction, rats were killed as described previously. Dissected IA preparations were fixed in 4% paraformaldehyde in 0.1 M sodium phosphate buffer (pH 7.4). Fixed specimens were then stained with 1% osmium tetroxide (Wako Pure Chemical Industries, Osaka, Japan) in 0.1 M sodium phosphate buffer (pH 7.4) for 1 h at room temperature. After dehydration in a series of graded ethanol solutions and replacement by propylene oxide (Nacalai Tesque), specimens were embedded in epoxy resin (Nacalai Tesque) overnight followed by the polymerization for 72 h. Ultrathin sections were prepared and images were obtained using an H‐7650 Transmission Electron Microscope (Hitachi, Tokyo, Japan).

*In vivo* vascular permeability assay {#bph13820-sec-0019}
-------------------------------------

Rats were subjected to the IA induction as described previously and administered ASP4058 or 0.5% MC as a vehicle, p.o., once a day from just after the surgical manipulation. On the seventh day after the induction, rats were deeply anaesthetised as described previously and the right common carotid artery was surgically exposed. Evans blue (45 mg·kg^−1^, Wako Pure Chemical Industries) was injected intra‐arterially after the proximal side of injection had been clamped with a micro serrefine (FST, Foster City, CA) followed by the perfusion with 4% paraformaldehyde. As a control, age‐matched Sprague--Dawley rats were used. Frozen sections were prepared as described previously and fluorescence images of Evans blue (excitation; 620 nm per emission; 680 nm) were acquired on a confocal fluorescence microscope system. The Evans blue‐stained area at ACA‐OA bifurcation was calculated using Fiji (<http://fiji.sc>/). In brief, the images acquired were converted to binary images after colour threshold adjustment, and all the particles more than the size of 4 pixel square were picked up as positive signals to exclude non‐specific signals.

Non‐human primate model of IAs {#bph13820-sec-0020}
------------------------------

Female Macaca fascicularis from Vietnam (imported by Keari, Osaka, Japan), 11‐years‐old of age and 3.4 kg average body weight, were used in the present study. Animals were housed in a temperature‐ and humidity‐controlled room under a 12 h light--dark cycle. To induce IAs, animals were underwent two‐step surgical manipulations with a 2 week interval; the first was laparoscopic bilateral oophorectomy, and the second was ligation of left hilum of kidney and left carotid artery, under general anaesthesia with i.m. administration of ketamine hydrochloride (Daiichi Sankyo Inc., Tokyo, Japan, 5 mg·kg^−1^) and xylazine hydrochloride (Bayer Inc., Osaka, Japan, 1 mg·kg^−1^) and inhalation of isoflurane (InterVet Inc., Tokyo, Japan). Bilateral oophorectomy was applied to this model to enhance the incidence of IA, as described previously (Jamous *et al.,* [2005](#bph13820-bib-0027){ref-type="ref"}). Animals were injected i.m. with analgesia (Flunixin Meglumine, 1 mg·kg^−1^; Nagase medicals, Hyogo, Japan) and antibiotics (Mycillin Sol, 0.1 mL·kg^−1^; Meiji Seika, Tokyo, Japan) after surgical manipulations. At 1 and 2 weeks after surgical manipulations, treatment with sodium chloride (1% in drinking water) and BAPN (0.2%) was started respectively. Animals were randomly assigned to each group by an independent investigator and ASP4058 (0.1 mg·kg^−1^) or vehicle (0.5% MC) was administered once daily from the day of the second surgical manipulations and repeated throughout the entire experimental period for 52 weeks.

After the animals had been killed by an i.v. injection of sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan), the brain with the ring of Willis was harvested and fixed in formalin solution for at least 1 week. After fixation, each bifurcation site of intracranial arteries was dissected and embedded in paraffin. Slices, 4 μm thick, were then prepared for histopathological analyses. IA formation at each bifurcation was assessed after visualization of internal elastic lamina by Elastica van Gieson Staining. The assessment was performed by independent investigators who were blinded to group allocation. IA is defined as a lesion with disrupted internal elastic lamina. No animals met the humane endpoints before the end of the experiment.

Plasma concentration of ASP4058 {#bph13820-sec-0021}
-------------------------------

Blood samples were collected from rats and non‐human primates that had received ASP4058. Plasma was then separated by centrifugation and stored at −20°C or lower. Samples were prepared using protein precipitation, and plasma concentrations were determined using HPLC--tandem mass spectrometry.

Human specimens and immunohistochemistry {#bph13820-sec-0022}
----------------------------------------

Human IA samples and control arterial walls (superficial temporal artery or middle meningeal artery) were dissected during microsurgical clipping of unruptured IAs with the written informed consent of the patients. Dissected specimens were fixed in formalin solution and embedded in paraffin. Then 4 μm thick slices were prepared for immunohistochemical analysis. Immunohistochemistry was carried out as described before after deparaffinization. Mouse monoclonal anti‐human CD31 antibody (\#M0823, Dako, Glostrup, Denmark) and rabbit polyclonal anti‐S1P1 antibody (\#sc‐25489, Santa Cruz Biotechnology) were used as primary antibodies, and secondary antibodies conjugated with fluorescent dye (Invitrogen) were used to visualize the labelled cells. Cy3‐conjugated mouse monoclonal anti‐smooth muscle α actin antibody (\#C6198, Sigma‐Aldrich) was used to visualize smooth muscle cells. Finally, immunofluorescence images were acquired on a confocal fluorescence microscope system (LSM‐710, Carl Zeiss Microscopy GmBH, Gottingen, Germany).

Data and statistical analysis {#bph13820-sec-0023}
-----------------------------

Data except for IC~50~ values are shown as mean ± SEM; IC~50~ values are represented as the geometric mean and 95% confidence interval. To determine IC~50~ values, concentrations of an investigational compound were log transformed to create a sigmoidal curve and a four parameter concentration--response curve fitting model was used. Statistical comparisons between two groups were made using Student\'s unpaired *t*‐test. Statistical comparisons among more than two groups were conducted using Dunnett\'s multiple comparison test. In the S1P~1~ receptor internalization assay and *in vivo* vascular permeability assay, Mann--Whitney *U*‐test was used for statistical comparison between two groups, and Steel\'s multiple comparison test for comparison among more than two groups. A *P* value smaller than 0.05 was defined as statistically significant. All statistical analyses except for the Steel test were performed using a GraphPad Prism 5 (GraphPad Software, La Jolla, CA). The Steel test was performed using a JMP Pro 12 (SAS, Cary, NC). The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis *et al*., [2015](#bph13820-bib-0017){ref-type="ref"}).

Compounds {#bph13820-sec-0024}
---------

ASP4058 hydrochloride (5‐{5‐\[3‐(trifluoromethyl)‐4‐{\[(2S)‐1,1,1‐trifluoropropan‐2‐yl\]oxy}phenyl\]‐1,2,4‐oxadiazol‐3‐yl}‐1H--benzimidazole hydrochloride), KRP‐203 (2‐amino‐2‐\[2‐(4‐{\[3‐(benzyloxy)phenyl\]sulfanyl}‐2‐chlorophenyl)ethyl\]propane‐1,3‐diol hydrochloride), [BAF312](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9289) (1‐{4‐\[(1E)‐N‐{\[4‐cyclohexyl‐3‐(trifluoomethyl)benzyl\]oxy}ethanimidoyl\]‐2‐ethylbenzyl}azetidine‐3‐carboxylic acid), fingolimod hydrochloride (2‐amino‐2‐\[2‐(4‐octylphenyl)ethyl\]propane‐1,3‐diol hydrochloride) and TASP0277308 (3,4‐dichloro‐N‐\[(1R)‐1‐{4‐ethyl‐5‐\[3‐(4‐methylpiperazin‐1‐yl)phenoxy\]‐4H‐1,2,4‐triazol‐3‐yl}ethyl\]benzenesulfonamide) were synthesized at Astellas Pharma. EHop‐016 was purchased from Sigma‐Aldrich (St. Louis, MO). All dosages and concentrations of these compounds were calculated as their respective free‐base equivalent.

Nomenclature of targets and ligands {#bph13820-sec-0025}
-----------------------------------

Key protein targets and ligands in this article are hyperlinked to corresponding entries in <http://www.guidetopharmacology.org>, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan *et al.,* [2016](#bph13820-bib-0046){ref-type="ref"}), and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander *et al.,* [2015](#bph13820-bib-0001){ref-type="ref"}).

Results {#bph13820-sec-0026}
=======

Expression of S1P~1~ receptors in human IA walls {#bph13820-sec-0027}
------------------------------------------------

Since IA occurs at the bifurcation of intracranial artery, sites under high WSS, and endothelial activation in response to WSS is suggested to trigger IA, one strategy of IA treatment is to inhibit endothelial activation by pharmacological means. The S1P~1~ receptor can be a good target, because stimulation of the S1P~1~ receptor promotes endothelial integrity (Schuchardt *et al.,* [2011](#bph13820-bib-0043){ref-type="ref"}). To confirm the potential of this strategy, we first examined if the S1P~1~ receptor is expressed in endothelial cells of human intracranial artery and whether this expression can be observed in IA lesions as well. We collected 5 IA lesions and two control arterial walls from patients with unruptured IA and immunostained sections from these specimens to examine the expression of S1P~1~ receptors. In both of the control arterial walls, the S1P~1~ receptor was detected as signals aligned along the luminal surface and those scattered in the media where α‐SMA signals were similarly distributed and colocalized, and the former signals overlapped with those of CD31 (Figure [1](#bph13820-fig-0001){ref-type="fig"}A, Supporting Information Figure [S1](#bph13820-supitem-0001){ref-type="supplementary-material"}), indicating that the S1P~1~ receptor is expressed in endothelial cells of the branches of carotid artery. In three out of five IA walls, S1P~1~ receptor signals in CD31^+^ cells were detected as well, but few signals were found in the media where SMA‐positive signals were also absent (Figure [1](#bph13820-fig-0001){ref-type="fig"}B, Supporting Information Figure [S1](#bph13820-supitem-0001){ref-type="supplementary-material"}). These results suggest that S1P~1~ receptors are present in endothelial cells in IA lesions, in which most smooth muscle cells are lost by degenerative changes. In the remaining two out of five IA lesions collected, endothelial cells were denuded and almost all vascular cells were lost. Consistent with the loss of endothelial cells, the expression of S1P~1~ receptors in IA walls was not detectable any more in these IA lesions (Figure [1](#bph13820-fig-0001){ref-type="fig"}C, Supporting Information Figure [S1](#bph13820-supitem-0001){ref-type="supplementary-material"}).

![Expression of S1P~1~ receptors in human control arterial wall (A) and IA lesion (B, C). Adjacent sections were prepared from branches of carotid artery or IA lesion of humans and immunostained for α‐ SMA, a medial smooth muscle marker, CD31, an endothelial cell marker and S1P~1~ receptors. Merged images for CD31 and S1P~1~ staining, SMA and S1P~1~ staining and images with Haematoxylin--Eosin staining (HE) are also shown. Box in the left panels indicates the region magnified in the following panels. Bar, 50 μm.](BPH-174-2085-g001){#bph13820-fig-0001}

ASP4058 promotes endothelial barrier function *in vitro via* S1P~1~ receptors {#bph13820-sec-0028}
-----------------------------------------------------------------------------

To investigate how S1P~1~ receptor signalling regulates endothelial barrier function and whether we can manipulate this function pharmacologically, we used primary cultures of endothelial cells (HCtAECs), and treated them with an S1P~1~ agonist, ASP4058 (Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}). RT‐PCR analysis revealed the expression of all S1P receptor subtypes except for S1P~5~ in these cells (Figure [2](#bph13820-fig-0002){ref-type="fig"}A). ASP4058 stimulates S1P~1~ and S1P~5~ receptors with almost the same EC~50~ values (7.4 and 7.5 nM, respectively), but its potency for other S1P receptor subtypes is at least 100 times less (Table [1](#bph13820-tbl-0001){ref-type="table-wrap"}) (Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}). ASP4058, therefore, selectively acts on S1P~1~ receptors in HCtAECs. To characterize the action of ASP4058, we first examined its effect on forskolin‐induced increases in intracellular cAMP, because S1P~1~ is a Gi‐coupled GPCR (Brinkmann, [2007](#bph13820-bib-0010){ref-type="ref"}), whose activation leads to a reduction in cAMP production *via* inhibition of adenylyl cyclase. HCtAECs were treated with forskolin in the presence of various concentrations of ASP4058, and the intracellular cAMP content was measured. As expected, ASP4058 concentration‐dependently inhibited the cAMP accumulation in the cells, with an IC~50~ value of 2.1 nM (95% CI: 0.81--5.7 nM) (Figure [2](#bph13820-fig-0002){ref-type="fig"}B). We next examined the potency of ASP4058 to induce S1P~1~ receptor internalization, because S1P~1~ receptors on the plasma membrane are rapidly internalized upon stimulation (Liu *et al.,* [1999](#bph13820-bib-0033){ref-type="ref"}) and it is essential to distinguish agonist activities from those of functional antagonism of each S1P~1~ agonist. HCtAECs were incubated with various concentrations of ASP4058 for 1 h, and the expression of S1P~1~ receptors on their surface was monitored by FACS analysis using anti‐S1P~1~ antibody. ASP4058 internalized S1P~1~ receptors expressed on HCtAEC, and the S1P~1~ receptor expression level on HCtAECs treated with 100 and 1000 nM ASP4058 was 86 ± 14 and 23 ± 4.3% of control respectively; the concentration required to internalize S1P~1~ receptors was more than 50‐fold higher than that needed to exert the above mentioned agonistic effect (Figure [2](#bph13820-fig-0002){ref-type="fig"}C, D).

![Inhibition of endothelial permeability by ASP4058 mediated by the S1P~1~ receptor. (A) Expression of each S1P receptor subtype in primary culture of endothelial cells (HCtAECs). Primer set to detect β‐actin mRNA served as a positive control (P). (B) Concentration‐dependent inhibition of forskolin‐induced cAMP accumulation in HCtAECs by ASP4058. HCtAECs were treated with 1 μM forskolin in the presence of the indicated concentrations of ASP4058, and cAMP accumulation was examined as described in the [Methods](#bph13820-sec-0006){ref-type="sec"}. Data represent mean ± SEM (*n* = 5). ^\*^ *P* \< 0.05. (C, D) Effect of ASP4058 on surface expression of S1P~1~ receptors in HCtAECs. HCtAECs were treated with the indicated concentrations of ASP4058 for 1 h, and the surface expression of S1P~1~ receptors was examined by FACS. Representative histogram of FACS analysis for S1P~1~ receptor is shown in (C) (*n* = 5). (D) The surface expression of S1P~1~ receptors calculated as described in the [Methods](#bph13820-sec-0006){ref-type="sec"}. Data represents mean ± SEM (*n* = 5). (E) Inhibition of endothelial permeability by ASP4058. HCtAECs cultured on a Transwell insert as a monolayer were treated with each concentration of ASP4058 for 1 h, and permeability across the monolayer was measured for 1 h by diffusion of 2000 kDa FITC‐labelled dextran through the insert. RFU, relative fluorescent units. Data represent mean ± SEM (*n* = 6). ^\*^ *P* \< 0.05. (F, G) Effect of an S1P~1~ receptor antagonist or a Rac inhibitor on the ASP4058‐mediated inhibition of endothelial permeability. HCtAECs cultured on Transwell inserts were treated with 100 nM ASP4058 together with the indicated concentrations of an S1P~1~ receptor antagonist, TASP0277308 (F), or a Rac inhibitor EHop‐016 (G), for 1 h, and the effect of these compounds on the ASP4058‐mediated inhibition of trans‐endothelial diffusion of FITC‐labelled dextran was examined. Data represent mean ± SEM (*n* = 6 in F, *n* = 5 in G). ^\*^ *P* \< 0.05.](BPH-174-2085-g002){#bph13820-fig-0002}

###### 

Effects of S1P receptor agonists used in this study on human S1P receptor subtypes

  Compound                                              EC~50~ (nM)                                                                          
  ----------------------------------------------------- ------------- ---------- ---------------------------------------------------- ------ ------
  ASP4058[a](#bph13820-note-0002){ref-type="fn"}        7.4           \>10 000   920                                                  2300   7.5
  Fingolimod‐P[b](#bph13820-note-0003){ref-type="fn"}   8.2           \>10 000   8.4                                                  7.2    8.2
  KRP‐203‐P[c](#bph13820-note-0004){ref-type="fn"}      0.28          \>10 000   22 (IC~50~)[e](#bph13820-note-0006){ref-type="fn"}   11     3
  BAF312[d](#bph13820-note-0005){ref-type="fn"}         0.39          \>10 000   \>1000                                               750    0.98

Agonistic effect of each compound was evaluated by using GTPγS binding assay and is shown as the EC~50~ value, except for the agonist activity of KRP‐203‐P on S1P~4~ receptors, which was assessed by the β‐arrestin signalling assay.

Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}

Brinkmann *et al.,* [2002](#bph13820-bib-0014){ref-type="ref"}

Scott *et al.,* [2016](#bph13820-bib-0044){ref-type="ref"}

Gergely *et al.,* [2012](#bph13820-bib-0024){ref-type="ref"}

KRP‐203‐P acted as an inverse agonist on the S1P~3~ receptor.

Fingolimod‐P, fingolimod‐phosphate; KRP‐203‐P, KRP‐203‐phosphate; hS1P~1--5~, human S1P~1--5~ receptors.

We then examined the effect of ASP4058 on barrier function of endothelial cells. HCtAECs were cultured in a monolayer, and the permeability of FITC‐labelled dextran (2000 kDa) across the monolayer was quantified in a Transwell system. Treatment of HCtAECs with ASP4058 decreased the leakage of FITC‐dextran across the endothelial monolayer in a concentration‐dependent manner and statistically significant inhibition was seen at 10 nM (Figure [2](#bph13820-fig-0002){ref-type="fig"}E), which is a concentration that acts as an agonist without internalizing S1P~1~ receptors (Figure [2](#bph13820-fig-0002){ref-type="fig"}B--D). This effect of ASP4058 was reversed by the addition of TASP0277308, a selective S1P~1~ antagonist (Fujii *et al.,* [2012](#bph13820-bib-0021){ref-type="ref"}) (Figure [2](#bph13820-fig-0002){ref-type="fig"}F), suggesting that ASP4058 tightens the cell--cell junction of HCtAECs and promotes an endothelial barrier *via* stimulation of S1P~1~ receptors. It was reported previously that Rac1 is activated in response to S1P~1~ signalling and strengthens the barrier function of endothelial cells by enhancing actin cytoskeleton‐mediated accumulation of barrier components in junctions between these cells (Wang and Dudek, [2009](#bph13820-bib-0051){ref-type="ref"}). Consistent with this report, pre‐incubation with a Rac1 inhibitor, EHop‐016 (Montalvo‐Ortiz *et al.,* [2012](#bph13820-bib-0038){ref-type="ref"}), ameliorated the effect of ASP4058 on permeability (Figure [2](#bph13820-fig-0002){ref-type="fig"}G).

Effect of ASP4058 on trans‐endothelial migration of monocytes *in vitro* {#bph13820-sec-0029}
------------------------------------------------------------------------

The macrophage is a major inflammatory cell type present in human IA lesion (Chyatte *et al.,* [1999](#bph13820-bib-0015){ref-type="ref"}; Frosen *et al.,* [2004](#bph13820-bib-0020){ref-type="ref"}). Recent studies suggest that MCP‐1 recruits monocytes in the peripheral blood to the lesion (Aoki *et al.,* [2009](#bph13820-bib-0003){ref-type="ref"}; Kanematsu *et al.,* [2011](#bph13820-bib-0029){ref-type="ref"}), and these cells function to drive inflammation there to develop IA (Aoki *et al.,* [2009](#bph13820-bib-0003){ref-type="ref"}; Aoki and Narumiya, [2012](#bph13820-bib-0005){ref-type="ref"}; Fukuda and Aoki, [2015](#bph13820-bib-0022){ref-type="ref"}). We, therefore, used a Transwell system and examined whether ASP4058 could prevent the trans‐endothelial migration of monocytes *in vitro*. HCtAECs were cultured in a monolayer on the Transwell insert, upon which THP‐1 were loaded. Recombinant MCP‐1 (100 ng·mL^−1^) was then added to the lower compartment, and cells that migrated into the lower compartment across the monolayer were quantified by an ATP‐based luminescent assay. As expected, MCP‐1 significantly increased the trans‐endothelial migration of THP‐1 cells into the lower compartment (Figure [3](#bph13820-fig-0003){ref-type="fig"}A). This MCP‐1‐dependent increase in migrated cells was concentration‐dependently inhibited by ASP4058 added simultaneously (Figure [3](#bph13820-fig-0003){ref-type="fig"}A). Notably, a selective S1P~1~ antagonist, TASP0277308, blocked this inhibitory effect of ASP4058 on trans‐endothelial migration of THP‐1 in a concentration‐dependent manner (Figure [3](#bph13820-fig-0003){ref-type="fig"}B), suggesting that this ASP4058 action is also through S1P~1~ receptors. Since macrophages also express S1P~1~ receptors and it is not clear whether the above effect of ASP4058 is due to its action on endothelial cells or macrophages, we carried out the same experiment with the Transwell without the HCtAEC monolayer. ASP4058 failed to inhibit the MCP‐1‐dependent migration of THP‐1 under these conditions (Figure [3](#bph13820-fig-0003){ref-type="fig"}C), suggesting that ASP4058 prevents the transmigration of THP‐1 cells mainly by acting on endothelial cells.

![Inhibition of trans‐endothelial migration of monocytic cells by ASP4058 mediated by the S1P~1~ receptor. (A) Inhibition of MCP‐1‐induced trans‐endothelial migration of THP‐1 cells by ASP4058. Migration was measured by a Transwell assay. THP‐1 cells were added into the insert well covered with HCtAEC monolayer together with the indicated concentration of ASP4058. MCP‐1, 100 ng·mL^−1^, was then added in the lower compartment and the migration of THP‐1 cells across the HCtAECs was examined at 3 h by ATP‐based luminescence. RLU, relative light units. Data represent mean ± SEM (*n* = 6). ^\*^ *P* \< 0.05. (B) Reversal by an S1P~1~ receptor antagonist TASP0277308 of the ASP4058‐mediated inhibition of MCP‐1‐induced trans‐endothelial migration of THP‐1 cells. TASP0277308 was added at the indicated concentrations together with ASP4058 (100 nM) into the insert well and the lower compartment and MCP‐1‐induced trans‐endothelial migration of THP‐1 cells was examined as described in (A). Data represent mean ± SEM (*n* = 5). ^\*^ *P* \< 0.05. (C) Effect of ASP4058 on MCP‐1‐induced chemotaxis of THP‐1 cells. THP‐1 cells were added to the insert well without HCtAECs in the absence or presence of 100 nM ASP4058, and the migration of THP‐1 cells toward MCP‐1 (10 ng·mL^−1^) in the lower compartment for 3 h was examined by ATP‐based luminescence. Data represent mean ± SEM (*n* = 5). ^\*^ *P* \< 0.05.](BPH-174-2085-g003){#bph13820-fig-0003}

These results combined together suggest that ASP4058 acts on S1P~1~ receptors expressed on endothelial cells as an agonist to promote endothelial barrier function and suppress trans‐endothelial migration of monocytes/macrophages.

Expression of S1P~1~ receptors in endothelial cells and disrupted endothelial continuity in IA lesion of rats {#bph13820-sec-0030}
-------------------------------------------------------------------------------------------------------------

The finding that ASP4058 promotes endothelial integrity *via* S1P~1~ receptors and suppresses trans‐endothelial migration of monocytes *in vitro* led us to hypothesize that pharmacological manipulation of S1P~1~ receptors could be a therapeutic approach for IA. To corroborate such a hypothesis, we used rat IA models in this study. We first examined the expression of S1P~1~ receptors in arterial walls at the ACA‐OA bifurcation site and the IA walls induced at this bifurcation in a rat model by use of immunohistochemistry. As in the human specimens (Figure [1](#bph13820-fig-0001){ref-type="fig"}), S1P~1~ receptors were expressed in the endothelium of IA lesions as well as in that of the prospective site of the control artery (Figure [4](#bph13820-fig-0004){ref-type="fig"}A). In this experiment, we also noted that endothelial continuity visualized by DyLight488‐conjugated Lycopersicon esculentum Lectin was maintained in control arterial walls but apparently disrupted in IA walls (Figure [4](#bph13820-fig-0004){ref-type="fig"}A). We therefore next examined, by electron microscopy, whether IA development affects endothelial integrity *in situ*. To address this issue, we induced experimental IAs in rats, collected the affected parts of the artery on the fifth day after the induction, and subjected them to electron microscopic examination. At the prospective site of the control artery, endothelial cells were aligned continuously and there was no gap between these cells (Figure [4](#bph13820-fig-0004){ref-type="fig"}B). In contrast, although no loss of endothelial cells was seen in IA walls at this time point, a few endothelial cells were occasionally detached from the basement membrane, resulting in the dissociation of endothelial cell junction and gap formation (Figure [4](#bph13820-fig-0004){ref-type="fig"}B, arrows). Such detachment was observed in 17 out of 72 sections from 11 IA walls (number of sections from each IA wall was 4, 4, 5, 5, 5, 5, 6, 8, 10, 10 and 10), but in none of the 11 sections from the two control arteries (number of sections from each control artery was 1 and 10). Tada *et al.* ([2010](#bph13820-bib-0048){ref-type="ref"}) reported similar inter‐endothelial gap in IA walls at the early stage of the rat model. These morphological observations of disrupted endothelial integrity lead us to speculate that endothelial dysfunction may occur in some places of IA. To corroborate this and to examine whether ASP4058 can restore endothelial barrier function in injured lesions, we injected Evans blue on the seventh day after IA induction in rats and examined the trans‐endothelial leakage in IA walls. The Evans blue‐stained area at the ACA‐OA bifurcation was significantly larger after IA induction compared with that at the prospective site of the control arteries (Figure [4](#bph13820-fig-0004){ref-type="fig"}C). Notably, ASP4058 dose‐dependently ameliorated the increase in Evans blue leakage induced by IA induction at the bifurcation, and almost complete suppression was achieved at 0.1 mg·kg^−1^ (Figure [4](#bph13820-fig-0004){ref-type="fig"}C). Our previous findings (Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}) demonstrated that the plasma concentration achieved in rats after oral administration of ASP4058 for 14 days at 0.1 mg·kg^−1^ was 16.4 ± 0.463 ng·mL^−1^ (equivalent to 37.1 ± 1.05 nM) at the maximum, which is higher than the EC~50~ values of its agonistic effect on S1P~1~ receptors (Table [1](#bph13820-tbl-0001){ref-type="table-wrap"}) but lower than the concentration sufficient to internalize S1P~1~ receptors expressed on HCtAEC (Figure [2](#bph13820-fig-0002){ref-type="fig"}C, D). These results suggest that stimulation of S1P~1~ receptor signalling can reduce the disruption of endothelial integrity in IA walls.

![Expression of S1P~1~ receptors in endothelial cells and disrupted endothelial continuity in the IA lesion of rats. (A) Expression of S1P~1~ receptors at the ACA‐OA bifurcation of control artery and the experimentally induced IA in rats. Preparations of control artery and IA at 12 weeks after its induction in rats were immunostained for S1P~1~ receptors(red) and stained with DyLight488‐conjugated Lycopersicon esculentum lectin (lectin, green) to visualize endothelial cells. Images shown are representative of 5 IA lesions. The box in the schematic drawing in the left panel indicate a region of the preparations stained. ICA, internal carotid artery. Bar, 50 μm. (B) Representative images of electron microscopic examination of control and IA wall at the ACA‐OA bifurcation at the fifth day after aneurysm induction in rats. Eleven sections from two control arteries (number of sections from each control artery was 1 and 10) and 72 sections from 11 IA walls (number of sections from each IA wall was 4, 4, 5, 5, 5, 5, 6, 8, 10, 10 and 10) were examined. IA formation was facilitated by 3‐aminopropionitrile treatment in these rats. Boxes in the upper panels show the region magnified in the lower panels. Note that the endothelial cells are detached at the junctions (arrows). Adv, adventitia; SMC, smooth muscle cell. Bar, 2 μm. (C) Protection by ASP4058 of IA‐induced endothelial permeability in rats. IA was induced in rats and ASP4058 (0.01, 0.1 mg·kg^−1^, once daily) was administered p.o.throughout the experimental period. Evans blue was injected i.a. on the seventh day after aneurysm induction, and the Evans blue‐stained area at the ACA‐OA bifurcation was evaluated as described in the [Methods](#bph13820-sec-0006){ref-type="sec"}. Age‐matched rats were used as a control. IA formation was facilitated by 3‐aminopropionitrile treatment in these rats. Upper panels show the representative images of Evans blue staining (red) with nuclear staining DAPI. Bar, 50 μm. Quantitative analysis of the Evans blue‐stained area is shown in the lower panel. Data represent mean ± SEM. Number of animals used is shown in parentheses. ^\*^ *P* \< 0.05.](BPH-174-2085-g004){#bph13820-fig-0004}

Effects of ASP4058 and other S1P~1~ agonists on the size of IAs and macrophage infiltration in IA lesion in a rat model {#bph13820-sec-0031}
-----------------------------------------------------------------------------------------------------------------------

We next examined whether the protective effect of ASP4058 on barrier function of IA walls could result in a reduction in the size of IAs. As the overall incidence of IAs in our rat model was 97.8% (90/92 animals examined in Figure [5](#bph13820-fig-0005){ref-type="fig"}A), ASP4058 did not affect the incidence. ASP4058 administered p.o. during the entire period of IA induction dose‐dependently suppressed IA development, as measured by the size of the IA induced (Figure [5](#bph13820-fig-0005){ref-type="fig"}A), and inhibited the macrophage infiltration in the lesion at 12 weeks after the induction (Figure [5](#bph13820-fig-0005){ref-type="fig"}B) without significantly influencing systemic blood pressure or monocyte count in peripheral blood (Supporting Information Figure [S2](#bph13820-supitem-0002){ref-type="supplementary-material"}A, B). Consistent with the suppression of macrophage infiltration in IA walls, ASP4058 treatment almost completely suppressed the expression of MCP‐1, a critical chemokine for macrophage recruitment and IA formation (Aoki *et al.,* [2009](#bph13820-bib-0003){ref-type="ref"}; Kanematsu *et al.,* [2011](#bph13820-bib-0029){ref-type="ref"}), in the IA lesion in rats (Figure [5](#bph13820-fig-0005){ref-type="fig"}C). The ASP4058 treatment further ameliorated the IA‐associated degenerative change of the media as evidenced by the reduced thinning of smooth muscle layer (Figure [5](#bph13820-fig-0005){ref-type="fig"}D, Supporting Information Figure [S2](#bph13820-supitem-0002){ref-type="supplementary-material"}C).

![Suppression of IA by S1P~1~ agonists in rats and non‐human primates. (A, B) Concentration‐dependent suppression of rat IA development by ASP4058. IA was induced in rats administered the indicated doses of ASP4058 p.o. during the whole experimental period as described in the [Methods](#bph13820-sec-0006){ref-type="sec"}. Specimens of IA induced at the right ACA‐OA bifurcation were prepared at 12 weeks after their induction, and the aneurysm size (A) and the number of macrophages infiltrated into the lesion (B) were examined. Data represent mean ± SEM. Number of animals used is shown in parentheses. (C, D) Suppression of MCP‐1 expression and degenerative changes in the media in IA lesions after treatment with ASP4058. Preparations of IA lesions from vehicle or ASP4058 (0.03 mg·kg^−1^)‐treated rats were immunostained for MCP‐1 (*n* = 5 per group) (C, red) and α‐SMA (*n* = 12 per group) (D, red) with nuclear DAPI staining (blue). Representative images are shown. Boxes in (D) show the region magnified in the respective right panels. Bar, 50 μm. (E, F) Effect of TASP0277308, an S1P~1~ antagonist, on the aneurysm size and the number of macrophages infiltrated in the lesions. IA was induced in rats administered the indicated doses of TASP0277308, p.o., twice a day during the whole experimental period. Specimens of IA induced at right ACA‐OA bifurcation were prepared at 4 weeks after the induction and the aneurysm size (E) and the number of macrophages in the lesion (F) were then analysed. IA formation was facilitated by 3‐aminopropionitrile treatment in these rats. Data represent mean ± SEM. Number of animals used is shown in parentheses. (G, H) Effects of S1P~1~ agonists, KRP‐203, BAF312 and fingolimod on the aneurysm size. KRP‐203 and BAF312 were administered at 0.01 and 0.3 mg·kg^−1^ daily (G) and fingolimod was administered daily at the indicated doses (H) during whole experimental period and the aneurysm size was examined as in (E). IA formation was facilitated by 3‐aminopropionitrile treatment in these rats. Data represent mean ± SEM. Number of animals used is shown in parentheses. ^\*^ *P* \< 0.05. (I, J) IAs were first induced in rats for 1 week, which was facilitated by 3‐aminopropionitrile treatment, and then treatment with ASP4058 (0.1 mg·kg^−1^, once a day) was started. At 7 weeks after the induction of the IA, specimens of right ACA‐OA bifurcation were prepared for analysis of aneurysm size. Data represent mean ± SEM. Number of animals used is shown in parentheses. ^\*^ *P* \< 0.05. BAPN, 3‐aminopropionitrile. (K) Female Macaca fascicularis underwent the aneurysm induction, as described in the Methods, and the effect of ASP4058 (0.1 mg·kg^−1^, once a day) on IA formation at five bifurcation sites of the intracranial arteries per animal was evaluated at 52 weeks after the induction. Each dot represents the incidence of aneurysm in each animal, and the horizontal bars represent the median of each group (*n* = 3 in each group).](BPH-174-2085-g005){#bph13820-fig-0005}

Since ASP4058 internalizes S1P~1~ receptors at high concentrations in HCtAECs (Figure [2](#bph13820-fig-0002){ref-type="fig"}C, D) and acts as a functional antagonist, we wondered if the suppressive actions of ASP4058 on IA can be differentiated in doses, from its actions as a functional antagonist. As a measure of the latter action, we examined the number of lymphocytes in peripheral blood. ASP4058 suppressed the lymphocyte number in peripheral blood at a dose higher than 0.03 mg·kg^−1^ and the decrease in lymphocyte count reached a plateau at 0.1 mg·kg^−1^ (Supporting Information Figure [S2](#bph13820-supitem-0002){ref-type="supplementary-material"}D), whereas the suppressive effect of ASP4058 on the size of the IA was observed at 0.01 mg·kg^−1^ (Figure [5](#bph13820-fig-0005){ref-type="fig"}A), a dose that did not decrease the peripheral lymphocyte number (Supporting Information Figure [S2](#bph13820-supitem-0002){ref-type="supplementary-material"}D). These results suggest that the suppression of IA by ASP4058 is due to its agonistic activity, and can be achieved without affecting the lymphocyte number. The plasma concentrations of ASP4058 maintained at a dose of 0.01 mg·kg^−1^·day^−1^ for 12 weeks were 5.4 nM before administration, 8.8 nM at 4 h and 4.5 nM at 24 h after the administration (Table [2](#bph13820-tbl-0002){ref-type="table-wrap"}), and were around the EC~50~ values examined *in vitro* (Table [1](#bph13820-tbl-0001){ref-type="table-wrap"}), further supporting the contribution of the agonistic action of ASP4058 to IA suppression. To experimentally corroborate this assumption, we administered a selective S1P~1~ antagonist, TASP0277308, to the rat IA model twice daily at 100 or 300 mg·kg^−1^. Although TASP0277308 potently decreased the peripheral lymphocyte count at these doses without influencing systemic blood pressure and peripheral monocyte count (Supporting Information Figure [S3](#bph13820-supitem-0003){ref-type="supplementary-material"}), it did not suppress either the macrophage infiltration in IA lesions or reduce the size of the IA (Figure [5](#bph13820-fig-0005){ref-type="fig"}E, F). In contrast, two structurally unrelated S1P~1~ receptor‐selective agonists, KRP‐203 (Song *et al.,* [2008](#bph13820-bib-0045){ref-type="ref"}; Scott *et al.,* [2016](#bph13820-bib-0044){ref-type="ref"}) and BAF312 (Gergely *et al.,* [2012](#bph13820-bib-0024){ref-type="ref"}) (Table [1](#bph13820-tbl-0001){ref-type="table-wrap"}) both significantly suppressed the growth of induced IAs without influencing systemic blood pressure (Figure [5](#bph13820-fig-0005){ref-type="fig"}G, Supporting Information Figure [S4](#bph13820-supitem-0004){ref-type="supplementary-material"}). We also tested the effects of the non‐selective S1P agonist fingolimod (Brinkmann *et al.,* [2002](#bph13820-bib-0014){ref-type="ref"}) (Table [1](#bph13820-tbl-0001){ref-type="table-wrap"}), because this compound is the only S1P receptor agonist proven for clinical usage and is widely used as an immunosuppressant. Intriguingly, fingolimod did not suppress the size of IAs induced but, instead, significantly exacerbated the IA size without influencing systemic blood pressure (Figure [5](#bph13820-fig-0005){ref-type="fig"}H, Supporting Information Figure [S5](#bph13820-supitem-0005){ref-type="supplementary-material"}), suggesting the importance of selective S1P~1~ receptor agonistic activity for treating IAs.

###### 

Plasma concentration of ASP4058 in rat aneurysm model

  Dose             Dosing period   Plasma concentration (nM)                                                   
  ---------------- --------------- --------------------------- ----------- ----------- ----------- ----------- -----------
  0.01 mg·kg^−1^   12 weeks        5.4 ± 0.7                   6.3 ± 0.9   4.9 ± 1.6   8.8 ± 1.6   7.9 ± 1.4   4.5 ± 0.6

Rats were treated with ASP4058 (0.01 mg·kg^−1^) for 12 weeks and then plasma was collected just before (pre) and at the indicated time points after the last administration. All values represent mean ± SEM (*n* = 3).

Since IAs are found as pre‐existing lesions in clinical practice and the therapeutic intervention should target these pre‐existing IAs, we next examined whether the administration of ASP4058 can prevent these pre‐existing IAs. To this end, the administration of vehicle or ASP4058 (0.1 mg·kg^−1^, once daily) was started 1 week after the IA induction and effects on the growth of the aneurysm were examined at 7 weeks (Figure [5](#bph13820-fig-0005){ref-type="fig"}I). Compared with the vehicle‐treated group, ASP4058 significantly inhibited the enlargement of pre‐existing aneurysm without affecting the blood pressure (Figure [5](#bph13820-fig-0005){ref-type="fig"}J, Supporting Information Figure [S6](#bph13820-supitem-0006){ref-type="supplementary-material"}). These findings indicate that ASP4058 has the potential to prevent the enlargement of pre‐existing aneurysms, which is critical for the clinical application of ASP4058 for IA.

These results combined together suggest that ASP4058 suppresses IA by acting on S1P~1~ receptors as an S1P~1~ agonist.

Effect of ASP4058 on IA formation induced in non‐human primates {#bph13820-sec-0032}
---------------------------------------------------------------

To further explore the potential of ASP4058 for clinical use, we next examined the effect of ASP4058 on IA formation in non‐human primates as an exploratory study. Because the incidence of IA is not high in this non‐human primate IA model and the size of the induced IA is small, we examined the incidence of IAs in this model by measuring breakage of the lamina elastica (Supporting Information Figure [S7](#bph13820-supitem-0007){ref-type="supplementary-material"}). Female M. fascicularis underwent the aneurysm induction as described in the Methods and the effect of ASP4058 (0.1 mg·kg^−1^, once daily) on IA formation at five bifurcation sites of intracranial arteries in each animal was evaluated at 52 weeks after the surgical manipulation. During this experimental period, the plasma concentration of ASP4058 was maintained high enough to stimulate S1P~1~ receptors and not so high as to internalize S1P~1~ receptors (Table [3](#bph13820-tbl-0003){ref-type="table-wrap"}). IA formation tended to be suppressed in the ASP4058‐treated group compared with the vehicle‐treated group (*n* = 3 in each group, five bifurcation sites per monkey (total 15 sites per group), vehicle‐treated group; 11/15, ASP4058‐treated group; 6/15) (Figure [5](#bph13820-fig-0005){ref-type="fig"}K).

###### 

Plasma concentration of ASP4058 in non‐human primate aneurysm model

  Dose            Dosing period   Plasma concentration (nM)                                    
  --------------- --------------- --------------------------- ---------- ---------- ---------- ----------
  0.1 mg·kg^−1^   2 weeks         7.4 ± 1.2                   11 ± 3.5   15 ± 3.9   17 ± 4.2   13 ± 2.6
  4 weeks         11 ± 2.5        14 ± 4.0                    17 ± 4.7   24 ± 5.5   22 ± 3.8   
  3 months        10 ± 2.6        9.3 ± 2.2                   12 ± 2.0   18 ± 1.9   19 ± 3.4   
  12 months       7.0 ± 1.0       9.4 ± 0.9                   13 ± 2.1   20 ± 1.3   23 ± 1.8   

Animals were treated with ASP4058 (0.1 mg·kg^−1^, once a day) for 2, 4 weeks, 3 or 12 months, and then plasma was collected just before (pre) and at the indicated time points after the administration in each dosing period. All values represent the mean ± SEM (*n* = 3).

Discussion {#bph13820-sec-0033}
==========

IA is a common, asymptomatic but potentially dangerous disease in the general public, which, once ruptured, leads to lethal subarachnoid haemorrhage (Wiebers *et al.,* [2002](#bph13820-bib-0053){ref-type="ref"}; van Gijn *et al.,* [2007](#bph13820-bib-0050){ref-type="ref"}). Therefore, there is an urgent need to develop medical procedures to prevent the rupture of IAs. Here, we have demonstrated that S1P~1~ receptor agonists, such as ASP4058, potently suppress IA and associated macrophage infiltration in animal models of IA. ASP4058 appears to exert this effect by promoting endothelial integrity. Endothelial cells are believed to be activated in response to high WSS at the site of IA, and their damage and disrupted continuity were seen in both human IA and animal models. ASP4058 enhances barrier function between endothelial cells *in vitro* as demonstrated by the concentration‐dependent reduction of FITC‐dextran leakage through the monolayer. Such tightening of endothelial junctions further results in the suppression of the trans‐endothelial migration of macrophages. Endothelial dysfunction and macrophage infiltration are suggested as two critical mechanisms underlying IA pathology, and ASP4058 suppresses both events by acting on S1P~1~ receptors in endothelial cells.

There is accumulating evidence supporting the notion that S1P‐S1P~1~ receptor signalling plays a crucial role in the maintenance of the physiological function of endothelial cells, especially the formation of junctions between these cells. Genetic deletion of S1P~1~ receptors in mice results in premature death between E12.5 and E14.5 due to massive intraembryonic haemorrhage (Liu *et al.,* [2000](#bph13820-bib-0034){ref-type="ref"}), suggesting S1P~1~ receptor signalling has a role in vascular permeability. Furthermore, in mice deficient in S1P~1~ receptors, specifically in endothelial cells, abnormal vasculature including decreased vascularization and hyper sprouting is observed. Endothelial cell‐specific deletion of S1P~1~ receptors impairs the formation of the adherens junction between endothelial cells, as demonstrated by a decrease in VE‐cadherin content in the trypsin digestion--resistant fraction, and enhanced FITC‐dextran leakage from vessels in the retina (Jung *et al.,* [2012](#bph13820-bib-0028){ref-type="ref"}). This observation is consistent with our findings that stimulation of S1P~1~ receptors by ASP4058 inhibited the trans‐endothelial permeability both *in vitro* (Figure [2](#bph13820-fig-0002){ref-type="fig"}) and *in vivo* (Figure [4](#bph13820-fig-0004){ref-type="fig"}). Interestingly, the tightening of the adherens junction and alignment of endothelial cells in response to shear stress loading is also disturbed in S1P~1~ receptor‐depleted endothelial cells and HUVEC; internalization of S1P~1~ receptors by FTY720‐P reproduces this phenotype (Jung *et al.,* [2012](#bph13820-bib-0028){ref-type="ref"}). Reflecting such a role for S1P~1~ receptor signalling in the tightening of the adherens junction under shear stress loading *in vitro*, abnormal vascular dilatation is present in the developing retina of endothelial cell‐specific S1P~1~ receptor‐deficient mice. Also, decreased phosphorylation of eNOS in endothelial cells of the descending aorta in response to laminar shear stress was observed *in vivo* in these S1P~1~ receptor‐deficient mice (Jung *et al.,* [2012](#bph13820-bib-0028){ref-type="ref"}). This suggests that shear stress sensing is impaired in endothelial cell‐specific S1P~1~‐deficient mice presumably through the malformation of adherence junction between endothelial cells. S1P~1~ receptor signalling also regulates the activation of endothelial cells loaded by shear stress (Galvani *et al.,* [2015](#bph13820-bib-0023){ref-type="ref"}). In S1P~1~ receptor activation‐reporter mice in which S1P~1~ receptor activation can be monitored by expression of GFP, signals for GFP are observed in the aorta of these mice especially at sites subjected to increased turbulent flow (Galvani *et al.,* [2015](#bph13820-bib-0023){ref-type="ref"}). Intriguingly, the protein expression of VCAM‐1 and [ICAM‐1](http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6757) in endothelial cells is detected in the descending aorta and lesser curvature, which is augmented in mice deficient in S1P~1~ receptors, specifically in endothelial cells (Galvani *et al.,* [2015](#bph13820-bib-0023){ref-type="ref"}). Consistently, endothelial‐specific overexpression of S1P~1~ receptors ameliorates expression of these molecules (Galvani *et al.,* [2015](#bph13820-bib-0023){ref-type="ref"}), suggesting S1P~1~ receptor signalling has an inhibitory effect on the activation of endothelial cells under shear stress loading. Supporting this notion, S1P bound to HDL, not to albumin, ameliorates the TNF‐α‐induced increased expression of ICAM‐1 and activation of NF‐κB in HUVEC *in vitro* (Galvani *et al.,* [2015](#bph13820-bib-0023){ref-type="ref"}).

IA formation, enlargement and rupture are greatly influenced by haemodynamic force. IA is formed at the bifurcation sites of the intracranial artery where high WSS is loaded (Dolan *et al.,* [2013](#bph13820-bib-0018){ref-type="ref"}; Turjman *et al.,* [2014](#bph13820-bib-0049){ref-type="ref"}). In such sites, endothelial cells are activated, reflected as NF‐κB activation and the induction of VCAM‐1 and COX‐2. This endothelial activation is presumably in response to high WSS loaded because changes in WSS markedly alter the gene expression profile of endothelial cells (Ohura *et al.,* [2003](#bph13820-bib-0040){ref-type="ref"}; Aoki *et al.,* [2011](#bph13820-bib-0008){ref-type="ref"}). Inflammation in endothelial cells is subsequently evoked presumably through NF‐κB activation or the expression of pro‐inflammatory factors, which leads to endothelial damage and weakening of endothelial integrity. Given the inhibitory role of S1P~1~ receptor signalling in endothelial inflammation triggered by shear stress and S1P~1~ receptor‐mediated tightening of the adherens junctions between endothelial cells, activation of this signalling may counteract the machinery regulating the pathogenesis of IA. Indeed, ASP4058, by acting as an agonist on S1P~1~ receptors, suppressed the size of the IAs and this was accompanied by a reduction in the trans‐endothelial migration of macrophages in the lesions. This concept is pivotal as a translational research to apply experimental findings of the present study to clinical usage, because we can clearly identify the endothelial cells as a therapeutic target to effectively inhibit macrophage infiltration independently of chemoattractants present there and to suppress the resultant macrophage‐evoked inflammatory responses involved in the development of IA. Once a few macrophages infiltrate in arterial walls they can form a self‐amplification loop through secreting their own chemoattractant, MCP‐1, in the inflammatory environment (Aoki and Narumiya, [2012](#bph13820-bib-0005){ref-type="ref"}; Fukuda and Aoki, [2015](#bph13820-bib-0022){ref-type="ref"}). Thus, targeting the endothelial barrier to prevent macrophage infiltration itself as a therapeutic strategy is presumably an effective and reasonable approach. Furthermore, because trans‐endothelial migration of inflammatory or immune cells in affected sites is a common pathogenesis shared by various inflammatory diseases including atherosclerosis (Robbins *et al.,* [2013](#bph13820-bib-0041){ref-type="ref"}), the findings of the present study may contribute to the development of novel drug therapies for a variety of inflammatory or autoimmune diseases.

Another important point is that the compound used in this study is close to clinical application. Several adverse events such as bradycardia or pulmonary function reduction were observed in the clinical trials of fingolimod (Cohen and Chun, [2011](#bph13820-bib-0016){ref-type="ref"}), therefore, S1P receptor agonists have a potential risk for these adverse effect. However, our previous findings suggested that ASP4058 has a wide safety margin for these side effects, presumably due to its low activity for S1P~3~ receptor, at least in preclinical models (Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}). A number of clinical trials including phase III studies for several S1P~1~ agonists with low activity for the S1P~3~ receptor are now ongoing, although most target autoimmune diseases such as multiple sclerosis. Therefore, a certain level of safety and excellent pharmacodynamics in humans of some of these compounds is already proved, a factor that greatly facilitates the usage of this class of drugs for IA treatment. When applied to autoimmune diseases, S1P~1~ agonists elicit their effect on lymphocytes as a functional antagonist through internalizing S1P~1~ receptors and thereby promoting the retention of those lymphocyte, including auto‐reactive T‐cells, in lymph nodes. Therefore, the exposure level of the agonist should be maintained high enough to keep the receptor internalized continuously. However, it should be noted that the suppressive effects of ASP4058 on the IA lesion are mediated through stimulating the S1P~1~ receptor as an agonist and not as a functional antagonist. Since the dose of ASP4058 capable of suppressing IA in this study is considerably lower than that used for the experimental model of multiple sclerosis, where it has an immunosuppressive effect (more than 0.1 mg·kg^−1^) (Yamamoto *et al.,* [2014](#bph13820-bib-0055){ref-type="ref"}), a wider safety margin could be achieved. Moreover, we can avoid the risk of adverse events caused by its immunosuppressive effect. It should also be noted that the selectivity of compounds for the S1P~1~ receptor compared to other S1P receptor subtypes is important because all the selective S1P~1~ agonists tested (ASP4058, BAF312 and KRP‐203) with unrelated structure show suppressive effects on the size of IA but the non‐selective S1P~1~ agonist, fingolimod instead exacerbates it. This may be due to the simultaneous activation of S1P~3~ receptors by fingolimod because G~12/13~ activation downstream of S1P~3~ receptor signalling is involved in the formation of actomyosin bundles followed by endothelial barrier disruption (Marsolais and Rosen, [2009](#bph13820-bib-0035){ref-type="ref"}; Spindler *et al.,* [2010](#bph13820-bib-0047){ref-type="ref"}). Therefore, a selective S1P~1~ agonist like ASP4058 could be a strong candidate for a drug for IA treatment.

One of the major limitations of the present study is that we did not directly examine the effect of ASP4058 on the rupture of IAs because of the low incidence of spontaneous rupture in our IA model. Since most IAs are asymptomatic and only a small population of IAs rupture, it is a central question whether ASP4058 can prevent rupture. However, a recently published large observation study and meta‐analysis have demonstrated that the annual rupture risk increases with the size of IAs (Morita *et al.,* [2012](#bph13820-bib-0039){ref-type="ref"}; Greving *et al.,* [2014](#bph13820-bib-0025){ref-type="ref"}). Therefore, the present findings that ASP4058 suppresses the further enlargement of pre‐existing IAs may indicate that ASP4058 can serve as a drug to prevent IA rupture.
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###### 

**Figure S1** Specificity of anti‐S1P~1~ antibody used and negative control experiment of immunohistochemistry in human specimen. (A) Increase in signal intensity by over‐expression of human S1P~1~ in CHO cell line. Mock (mock‐CHO) or human S1P~1~‐over‐expressed CHO cells (hS1P~1~‐CHO) were immunostained by anti‐S1P~1~ antibody. Representative images with nuclear staining DAPI are shown. Bar, 30 μm. (B) Images of immunostaining without primary antibody merged with nuclear staining DAPI are shown as a negative control. Left, middle and right images are adjacent slices of those used in Figure 1A, B and C respectively. Bar, 100 μm.

###### 

Click here for additional data file.

###### 

**Figure S2** Effect of ASP4058 on systemic blood pressure, thickness of media and peripheral monocyte or lymphocyte count. (A) Systemic blood pressure of rats treated with each dose of ASP4058 for 12 weeks after IA induction. SBP, MBP and DBP: systolic, mean and diastolic blood pressures respectively. (B‐D) Effect of ASP4058 on peripheral monocyte count (B), relative thickness of media in IA lesions (C) and peripheral lymphocyte count (D) at 12 weeks after IA induction. Thickness of media in (C) is defined as a ratio of thinnest portion in medial smooth muscle cell layer of IA walls over thickness of normal arterial walls. Data represents mean ± SEM. Number of animals used is shown in parentheses. \*, *P* \< 0.05.

###### 

Click here for additional data file.

###### 

**Figure S3** Effect of TASP0277308 on systemic blood pressure and peripheral monocyte or lymphocyte count. (A) Effect of TASP0277308 on peripheral lymphocyte count at 4 weeks after IA induction. Data represents mean ± SEM. Number of animals used is shown in parentheses. \*, *P* \< 0.05. (B) Systemic blood pressure of rats treated with each dose of TASP0277308 for 4 weeks after IA induction. SBP, MBP and DBP: systolic, mean and diastolic blood pressures, respectively. Data represents mean ± SEM. Number of animals used is shown in parentheses. (C) Effect of TASP0277308 on peripheral monocyte count at 4 weeks after IA induction. Data represents mean ± SEM. Number of animals used is shown in parentheses.
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Click here for additional data file.

###### 

**Figure S4** Effect of KRP‐203 or BAF312 on systemic blood pressure. Systemic blood pressure of rats treated with KRP‐203 (0.01 mg·kg^−1^) or BAF312 (0.3 mg·kg^−1^) for 4 weeks after IA induction. SBP, MBP and DBP: systolic, mean and diastolic blood pressures, respectively. Data represents mean ± SEM. Number of animals used is shown in parentheses.
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Click here for additional data file.

###### 

**Figure S5** Effect of fingolimod on systemic blood pressure. Systemic blood pressure of rats treated with each dose of fingolimod for 4 weeks after IA induction. SBP, MBP and DBP: systolic, mean and diastolic blood pressures, respectively. Data represents mean ± SEM. Number of animals used is shown in parentheses.
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Click here for additional data file.

###### 

**Figure S6** Effect of ASP4058 on systemic blood pressure. IAs were first induced in rats for 1 week and then treatment with ASP4058 (0.1 mg·kg^−1^) was started, as indicated in Figure 5I. At 7 weeks after the induction, systemic blood pressure of rats treated was measured as in the Methods. SBP, MBP and DBP: systolic, mean and diastolic blood pressures, respectively. Data represents mean ± SEM. Number of animals used is shown in parentheses.
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Click here for additional data file.

###### 

**Figure S7** Anuerysm induced in non‐human primate model. Female Macaca fascicularis was underwent the aneurysm induction as in the Methods in detail. Representative images of induced aneurysms in the non‐human primate model are shown. Box in the left image indicates the region magnified in the following image. IA formation at each bifurcation was assessed after visualization of internal elastic lamina by Elastica van Gieson Staining. IA is defined as a lesion with the disrupted internal elastic lamina (arrow). Bar, 50 μm.
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